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I. INTRODUCTION
Gallium nitride is a semiconducting material with many advantages. It has a number of potential applications in hightemperature electronic devices because of its wide bandgap energy and stability at high temperatures. [1] [2] [3] [4] [5] It is also known to be piezoelectric like other semiconducting materials, 6 such as ZnO, AlN, CdS, and BaTiO 3 . Recently, the coupled piezoelectric and semiconducting properties of nanowires and nanorods led to the development of nanopiezotronics, 7 which are expected to be used in a wide range of applications for flexible nanoelectronic devices, multifunctional nanosystems, and self-powered nanodevices. [8] [9] [10] The wurtzite (WZ) structure of semiconducting materials like GaN, ZnO, and CdS may transform into a tetragonal structure (TS), 11, 12 rocksalt structure 13, 14 or graphite-like structure (HX) 15, 16 in response to loading along different crystalline directions. These phase transformations cause changes in thermal response as well as the mechanical response. The design of flexible nanodevices using WZstructured semiconductor nanowires may take advantage of a combination of mechanical and thermal responses. The phase transformation from WZ to HX observed in ½01 10-oriented ZnO nanowires under tensile loading is one example. 15, 16 Thermal conductivity of the ZnO nanowires increases during the transformation from WZ to HX because the density of the HX structure is higher than that of the WZ structure. 16 In our previous work, 17 a phase transformation from WZ to TS structure is shown to occur in [0001]-oriented GaN nanowires under tensile loading. In contrast to what is observed in the ½01 10-oriented ZnO nanowires, the phase transformation from WZ to TS lowers the thermal conductivity of the GaN nanowires. The density of the TS structure is almost the same as that of the WZ structure, 11 but a surface layer with a structure different from the TS structure in the interior of the transformed nanowires causes the thermal conductivity to be lower. 17 During the WZ-to-HX transformation, nanowires consist of both WZ regions and HX regions. Wires in the intermediate states have thermal conductivities that decrease due to the formation of the interfaces first and increase with the progress of transformation because the fraction of atoms in the HX phase increases. 16 Such intermediate states are not observed for GaN and, consequently, the change in thermal conductivity is not significant during the transformation from WZ to TS under tensile loading. 17 unloading using molecular dynamics (MD) simulations. The effects of strain, structural change, and size on thermal conductivity are delineated.
II. METHODS
The GaN nanowires considered are shown in Fig. 1 . The axis of the nanowires is oriented in the [0001] crystalline direction. Initially, Ga and N atoms are arrayed in a singlecrystalline WZ structure. Periodic boundary conditions are used along the axial direction. The length of the periodic computational cell is 14.45 nm, which is sufficient to avoid image effects. 18 The nanowires have hexagonal crosssections with a six-fold symmetry and f01 10g lateral surfaces. Such shapes are observed in GaN nanowires grown by metalorganic chemical vapor deposition. 19 Five diameters (2.26, 2.91, 3.55, 4.20, and 4.85 nm) are considered so the size effect can be outlined. The relatively small diameters considered highlights the effect of surfaces on the thermal and mechanical behaviors of the nanowires. MD simulations are carried out using the LAMMPS code. 20 Temperature is controlled by using the Nos e-Hoover method. 21 The shortrange interactions between atoms are described by using the Buckingham potential 22 and the long-range Coulombic forces are evaluated by using the Wolf summation. 23, 24 The nanowires are equilibrated for 100 ps without any external load by using an NPT (isothermal-isobaric ensemble (constant temperature and constant pressure ensemble)) algorithm before deformations under tensile and compressive loading. After the equilibration, deformations of the nanowires are analyzed using a quasi-static loading scheme with a strain rate of 0:05 ns À1 . Each loading and unloading step involves a strain increment of 60:2% and an equilibration period of 40 ps per with an NVT ensemble (canonical ensemble). Unloading of the nanowires is carried out from a strain of 0.1.
To investigate the effect of mechanical deformation, the thermal responses of the nanowires are determined as a function of strain. The thermal conductivity in the axis direction at each strain is evaluated by using the equilibrium GreenKubo method. 25 The heat flux at each strain is calculated over a period of 500 ps in NVE ensemble (microcanonical ensemble). The thermal conductivity j is calculated by using the relation
where V is the volume of the nanowire, k B is the Boltzmann constant, T is the temperature, hJð0Þ Á JðtÞi is the heat current autocorrelation function. 30 are applied to temperature and thermal conductivities. The temperature calculated using MD is 477.1 K and the corresponding quantum-corrected temperature is 300 K. 17 
III. RESULTS
The mechanical behaviors of the nanowires during loading and unloading are analyzed first. cation-anion bond along the [0001] direction. 11 After the transformation, the nanowires deform elastically in the TS structure (C-D) and break into two pieces at the second drop in stress at the strain of 0.17. The failure strain and failure stress are very high, because the nanowires are very small in diameter and do not contain defects. The atomic arrangement on the ð01 10Þ cross-section is shown in Fig. 3 . The transformed nanowires have a surface layer whose structure is different from the TS structure in the interior as shown in Fig. 3(b) . The stress-strain response for the unloading process is shown with the black dotted line in Fig. 2(a) . Unloading from the strain of 0.1 is first associated with the recovery of the elastic deformation within the TS structure (E-F). A reverse transformation from TS to WZ initiates at the strain of 0.05 (F-G). During the reverse transformation, the nanowires consist of both TS-structured regions and WZstructured regions as shown in Figs. 3(c) and 3(d). Two different stages are observed in the TS-to-WZ transformation. As seen in Fig. 3 (c), the parts of the wires close to the surfaces transform to the WZ structure (G-H). In the next stage, the core of the nanowires transforms from TS to WZ, as shown in Fig. 3 (d) (I-J). The reverse transformation completes at zero strain and the unloading path from point A in Fig. 2 (a) coincides with that of the compression of a fresh, initially WZ-structured nanowires. Under compressive loading, similar elastic deformation in the WZ-structure occurs through the compression of the nanowires. For bulk GaN, the transformation from WZ to TS and the reverse transformation from TS to WZ are also observed. However, the WZ structure transforms into the HX structure under uniaxial compression along the [0001] direction, 14 but such transformation is not observed in the nanowires. The reason is that the critical stress for WZ-to-HX transformation is À30.5 GPa, 15 but buckling occurs at the stress of À16.1 GPa for the nanowires here. The phase transformations are also observed for strain rates as low as 0:002 ns À1 , which corresponds to an equilibration period of 1 ns. Figure 2(b) shows the thermal conductivity as a function of strain for the nanowires in Fig. 2 (a) (diameter d ¼ 2.91 nm). The thermal conductivity decreases from its initial value of 5.8 W/mK by 13% as the strain increases to 0.06. Under compression, the thermal conductivity increases from the initial value by 31% as the strain decreases to À0.06. The thermal conductivity decreases as the strain increases, and increases as the strain decreases. 31 This trend in thermal conductivity comes from the dependence of phonon relaxation time on strain. 32, 33 Specifically, the relaxation time decreases when the strain changes from compression to tension. The thermal conductivity of the TS-structured nanowires with a strain of 0.1 is 4.2 W/mK which is 27% lower than that of the unstressed WZ nanowires. The decrease in conductivity is attributed to the strain of the wire and a higher disorder in the surface of the TS-structured wires than that of the WZ-structured wire, 17 as illustrated in Fig. 3 . In the unloading process, thermal conductivities of the WZstructured nanowires and the TS-structured nanowires are similar to those in the loading process at each strain. However, the thermal conductivities of the nanowires in the intermediate states of the reverse transformation are lower than those of the WZ-structured nanowires under loading. At strain of 0.01, the thermal conductivity at the intermediate state is 4.0 W/mK, which is 31% lower than that of the WZstructured nanowires. The dominant contribution causing the thermal conductivity at the intermediate state to be lower than that of the WZ-structured nanowires arises from the phonon group velocity. The thermal conductivity is known to be related to the phonon group velocity and the relaxation time of phonons. 34 At the strain of 0.01, the elastic modulus of the nanowires in the intermediate state is 206 GPa, which is 37% lower than that of the WZ-structured nanowires and causes the group velocity to be approximately 20% lower. However, the average relaxation time of phonons in the intermediate state is very similar to that for the WZ-structured nanowires. At the completion of the reverse transformation from TS to WZ, the thermal conductivity increases by 55% and the stiffness increases by 54% as the strain decreases from 0.01 to zero. Such changes in conductivity are not observed at the completion of the WZ-to-HX transformation in ZnO nanowires. 16 The thermal conductivity in ZnO nanowires increases when the fraction of HX exceeds that of WZ. Such changes in conductivity and fractions are gradual and steady. Dominant effects that cause the thermal conductivity to increase during the WZ-to-HX transformation come from the higher density of HX compared with that of WZ. However, the density of the TS structure is almost the same as that of WZ. 11 In the TS-to-WZ transformation, the Young's modulus of the nanowires contributes to the change in thermal conductivity.
The mechanical and thermal behaviors of the nanowires with a diameter of 3.55 nm are also analyzed. Under tensile loading, the mechanical response of the WZ-structured nanowires is similar to that of the nanowires with a diameter of 2.91 nm, as shown in Fig. 4(a) . A similar phase transformation from WZ to TS is also observed, as seen in Fig. 5 . The same reverse transformation from TS to WZ is observed as well in the unloading process. However, the TS-to-WZ transformation does not complete at zero strain and the unloading path from point A to point B in Fig. 4(a) does not coincide with the compression path of the original WZ-structured nanowires from point D to point B. The reason is that the thicker nanowire is divided into two WZ domains, as shown in Fig. 5(d) . The polarity of the core domain is opposite to that of the outer domain. The boundary between the two domains is an inversion domain boundary (IDB). 35, 36 Similar IDBs have been observed in experiments 35 and MD simulations 37 of GaN nanorods. The mechanical and thermal responses are also affected by the existence of the IDB. The stiffness of the nanowires with the IDB is 16% lower than that of the WZ-structured nanowires, causing the thermal conductivity to be 21% lower. Such structure is not observed in the nanowires with a diameter of 2.91 nm. The formation of the IDB during the reverse transformation is dependent on the lateral size of the nanowire. As shown in Fig. 5 , the nanowires with the diameter of 3.55 nm have six layers of atoms from the surfaces to the core. In the WZ-structured wires, all layers have same sequence of Ga and N atoms along the axis. In Fig. 5(a) , the third and fifth layers from the surfaces change their polarity and the WZ structure transforms to the TS. During reverse transformation, the sixth layers (the first from the core) change the polarity and the WZ structures appear in the core of the wires in Fig. 5(c) , and polarity change in the fourth layers forms the IDB between the surface layers (the first and second layers) and the core layers (from the third to sixth). However, for the nanowires with the diameter of 2.91 nm and five layers of atoms, the polarity of the third and fifth layers changes in the forward transformation, and is restored to the initial direction during the reverse transformation. The difference in the number of layers between the two cases is the major factor in the formation of the IDB in the TS-to-WZ transformation. The IDB structure is observed in the nanowires with even number of layers (d ¼ 2.26, 3.55, and 4.85 nm), but not in the nanowires with odd number of layers (d ¼ 2.91 and 4.20 nm).
The effect of size on the mechanical and thermal responses is analyzed. Figure 6 compares the stress-strain curves for nanowires with different diameters. The stressstrain response is dependent on the wire size and atomistic structure. As the diameter increases from 2.26 to 4.85 nm, the failure strength decreases from 30.6 to 24.6 GPa and the critical stress required for the initiation of the reverse transformation from TS to WZ decreases from 5.2 to 1.4 GPa, as shown in Fig. 7 and Table I . However, such a significant change is not observed in the critical stress required for the WZ-to-TS transformation under tensile loading over the same range of diameters. For bulk GaN, critical stresses for transformation from WZ to TS, breaking, transformation from TS to WZ are 19.0 GPa, 15.5 GPa, and À6.8 GPa, respectively. These values are consistent with the trends in the size effect seen for the nanowires. The above trends are related to the elastic moduli of the nanowires. Figure 8 and Table II show the elastic moduli of the nanowires with different atomistic structures. Over the range of diameters from 2.26 to 4.85 nm, the elastic moduli of the TS-structured nanowires at the strain of 0.1 and the WZ-TS structured nanowires at the strain of 0.04 decrease by 13% and 32%, respectively. The decrease in moduli is also indicated by the slopes of the stress-strain curve in Fig. 6 . For the ZnO wires with both WZ and TS structures, the modulus shows very similar size dependence, 12 caused by the high surface-to-volume ratio and the tensile surface stress. On the other hand, such significant size dependence is not observed for the WZstructured GaN nanowires. Because the stiffness of ZnO is lower than that of GaN, surface stresses play a more significant role in ZnO, causing the size effect to be more pronounced in the ZnO nanowire. 38, 39 The thermal conductivities of the nanowires of WZ, TS, WZ-TS, and WZ-IDB structures are shown as functions of wire diameter in Fig. 9 . Detailed results are listed in Table  III . The difference in size effect on the mechanical properties results in different trends in thermal conductivity among the wires of the different atomistic structures. The thermal conductivity increases by 30%, 10%, and 50%, respectively, for the unstressed WZ-structured, WZ-TS structured, and WZ-IDB structured wires over the size range analyzed. From the kinetic theory, thermal conductivity can be reduced to a simple expression where C, v, and s are heat capacity per unit volume, group velocity of phonons, and relaxation time of phonons, respectively. The crossover from diffusive to ballistic transport in nanowires may occur at a distance shorter than 10 nm. 40 Phonon transport in the nanowires analyzed are diffusive transport because the length of the nanowires is 14.45 nm. We estimate the phonon relaxation time by calculating an average decay time of heat current
because the relaxation time of the heat current is very similar to that of phonons. 41 In Fig. 10 , the relaxation times of the nanowires increases by 30%, 10%, 30%, and 60%, respectively, for the WZ, TS, WZ-TS, and WZ-IDB wires. At the same zero strain, the relaxation time of the WZ wires is very similar to that of the WZ-IDB wires over the range of the wire size shown. Because the surface structures of WZ, WZ-TS, and WZ-IDB wires are almost the same as that of the WZ-structured wires, as shown in Figs. 3 and 5, the influence of surface scattering [42] [43] [44] on the relaxation time of phonons is not different for the three types of wires. The difference in the relaxation time between the WZ wires and WZ-TS wires comes from the strain dependence of the relaxation time. 32 At the same strain of 0.04, the relaxation times of both WZ and WZ-TS wires are within 10% of each other. The difference in conductivities between the wires with different structures results from the stiffness, which is related to the phonon group velocity. 34 This velocity is estimated simply by calculating a harmonic average over the longitudinal and transverse sound velocities, 45, 46 
, where q is the mass density and C 33 and C 44 are elastic constants. 47 The estimated values of the group velocity are shown in Fig. 11 . The thermal conductivity of the WZ wires is higher than that for the WZ-IDB wires due to the larger phonon group velocity of the WZ wires. However, for both the WZ and WZ-IDB wires, the size dependence of conductivity comes from the increase in the phonon relaxation time 48 because the change in group velocity is very small. For the WZ-TS structured wires, the decrease in group velocity reduces the effect of relaxation time, resulting in the small amount of increase in conductivity. However, thermal conductivity in the TS-structured wires does not show a significant change over the range of the wire size as shown in Fig. 9 . The group velocity of the TS-structured wires with the diameter of 4.85 nm is larger than that of the WZ-TS structured wires with the same size, but corresponding thermal conductivities are almost same. Because the atomic arrangement on the surfaces of the TSstructured wires is different from that in the core, surface scatter of phonons is more pronounced for the TS-structured wires than other wires. 17 As a result, the thermal conductivity in the TS-structured wires remains almost unchanged as the size increases. are analyzed through molecular dynamics simulations. The thermal conductivity decreases as strain increases under tensile loading, and increases as strain decreases in the unloading process. The effect of strain on the conductivity comes from the change in the relaxation time of phonons. A reverse transformation from TS to WZ occurs during unloading. During the reverse transformation, the nanowires consist of both WZ-structured regions and TS regions. For the nanowires with diameters of 2.26, 3.55, and 4.85 nm, the formation of an IDB between two WZ domains is observed along the wire axis during the reverse transformation. Such intermediate states are not observed in the process of the forward transformation under tensile loading. Results show that the thermal conductivity is dependent on the lateral size and structural evolution of wires. The thermal conductivity increases by 30%, 10%, and 50%, respectively, for the WZ, WZ-TS, and WZ-IDB structured wires as the diameter increases from 2.26 to 4.85 nm, but the conductivity of the TS-structured wires does not change with the size. This effect is attributed to the phonon relaxation time and the mechanical behaviors of nanowires. The decrease in the elastic modulus of WZ-TS structured wires reduces the effect of the phonon relaxation time by decreasing the group velocity. For the WZ and WZ-IDB structured wires, relaxation time of phonon is dominant factor for the conductivity increasing because change in group velocity is negligible for the range of size considered here. The dependence of thermal conductivity on the structure of nanowires results from the dependence of phonon group velocity on the structure of the nanowires. 
